Wnt signalling is downregulated in the Tc1 mouse hippocampus. Having newly identified
Wnt signalling downregulation in the human DS hippocampus, we expanded our analysis to the Tc1 mouse, an established DS model 47 , in order to validate this finding. To this end, we performed a combined analysis at the transcriptomic and protein levels. We first employed RNA sequencing (RNAseq) to investigate differential gene expression in the Tc1 hippocampus (Figs 2 and 3; n = 3, males, 3 months) 47 . The Tc1 mouse carries a freely-segregating, near-complete Hsa21 (70%, Fig. 3A ). In accordance with previous reports, RNAseq analysis indicated that, in this model, not all triplicated genes are dosage-sensitive ( Fig. 2A,B ) and are thus not equally likely to contribute to phenotypes [47] [48] [49] . Additionally, genome-wide transcriptional alterations were observed beyond Hsa21, with 64 differentially expressed (DEX) Tc1 genes ( Fig. 2C and Table S2 , P < 0.05). This known phenomenon 50 circumstantially suggests that Hsa21 trisomy might affect molecular pathways regulating global gene expression, such as canonical Wnt signalling.
Given our findings in human hippocampi, as well as the known roles of Wnt signalling in several biological mechanisms likely to be important in DS, such as brain development and AD, we employed QIAGEN Ingenuity ® Pathway Analysis (IPA) 51 to search the DEX gene dataset for Wnt signalling abnormalities. Hsa21 genes were excluded from the analysis, in order to isolate secondary transcriptional effects mediated by trisomy, but not directly associated with overexpression of triplicated genes. In the Tc1 hippocampus, pathway analysis ( Fig. 3B ) revealed a significant association with canonical Wnt signalling (P = 0.00173), with four corresponding DEX genes directly linked to the pathway (Fig. 3C , red circles; Axin2, Cdd4, Cdh1, Dkk3). We then performed upstream analysis, probing the IPA knowledge base for regulators potentially responsible for observed expression patterns. This approach detected a further 15 Tc1 DEX genes as significantly regulated by Wnt proteins (Fig. 3C) . Interestingly, virtually all Wnt signalling components were identified as significant upstream regulators (Fig. 3D , left panel; Table S3 ). This finding suggests a high degree of overlap between the Tc1 hippocampal transcriptome and Wnt signalling function, given that IPA linked all essential Wnt signalling components to one or more DEX genes. The transcriptional activator β-catenin (Fig. 3C , dotted circles) and the ligand Wnt3a (squares) were most significantly associated with hippocampal Tc1 expression patterns, regulating expression of 11 and 6 DEX genes, respectively (P < 0.0001). Additionally, IPA-generated activation z-scores were overall predictive of significant downregulation of Wnt activity, with negative values registered for several regulators, including β-catenin and Wnt3a (Fig. 3D, right panel) . Importantly, these results are consistent with our biochemical data in humans.
Next, we employed immunoblotting to investigate levels of Wnt signalling activity in the Tc1 mouse hippocampus (n = 8, 6 months of age; Fig. 3E ). The Hsa21-encoded protein DYRK1A was once again selected as a marker of Hsa21 trisomy, based on RNAseq results for duplicated genes ( Fig. 2A,B ) and its importance in DS 27 . As expected, we found DYRK1A protein levels to be elevated in the Tc1 hippocampus (Fig. 3E, red) . In line with human DS hippocampal data, the active β-catenin fraction was significantly reduced ~3-fold (Fig. 3E, blue) , whilst total β-catenin remained unaltered. These results were also consistent with IPA predictions, overall suggesting substantial Wnt signalling downregulation in the adult Tc1 mouse hippocampus.
We then assessed Tc1 hippocampal expression of the Wnt inhibitor Dkk3 and target gene Axin2, shown by RNAseq to be up-and downregulated in the Tc1 mouse, respectively. By quantitative PCR (qPCR, Fig. 3F ), we found levels consistent with RNAseq data: Dkk3 expression was significantly elevated, while Axin2 trended toward decrease (P = 0.0571). Consistently, DKK3 protein levels were elevated in the Tc1 hippocampus (Fig. 3G,  red) . This finding, however, was directionally opposite to what we observed in the human DS hippocampus, where DKK3 protein levels were decreased. We then quantified GSK3β, finding no differences in protein levels (Fig. 3G) . The serine 9 (Ser9)-phosphorylated form of GSK3β, expressed as a fraction of total GSK3β was also unaltered, as previously shown in young Tc1 mouse brains 52, 53 . Phosphorylation of this residue is however demonstrating significantly elevated DYRK1A levels (red), as expected, with substantially reduced active β-catenin fraction (blue). DKK3 levels were also significantly reduced (blue). Hsa21 genes in the Tc1 mouse hippocampus (n = 3, adjusted P < 0.05), as detected by RNAseq. Overall expression levels of 180 Hsa21 genes which could reliably measured by RNAseq are visually summarised. Of these, 143 could be tested for significance (others highlighted by black circle). Genes are presented alphabetically and colour-coded according to log 2 fold change/WT. Gene set is matched against a reference list 224 of Hsa21-Tc1 genes published by Gribble et al. 48 , providing an overview of expected deletions/duplications (undetected genes present in reference list are crossed out). Copy number refers to Hsa21 genes, with 'one copy' indicating modelled triplication of the relevant gene (1 human + 2 endogenous mouse copies). (B) Expression levels plotted as a function of significance, highlighting DS/AD-relevant genes, and demonstrating the presence of several genes not functionally overexpressed (blue), including APP. (C) Expression levels of 64 Tc1 DEX genes (n = 3, adjusted P < 0.05) beyond Hsa21, arranged by chromosomal number, indicating occurrence of genome-wide, bidirectional transcriptional alterations. www.nature.com/scientificreports www.nature.com/scientificreports/ these tissues, we found no significant alterations in Wnt activity (Fig. S2) . Overall, RNAseq analysis and immunoblotting results were consistent, suggesting significant downregulation of Wnt signalling activity in the Tc1 mouse hippocampus. Since we saw no effects on Wnt signalling in mice carrying triplications of Mmu10 or 17, this novel Tc1 phenotype likely arises from gene(s) with homology to Mmu16.
Our data overall suggest novel Wnt/β-catenin signalling dysfunction in DS, with consistent downregulation observed in both human and Tc1 hippocampi. At this stage, however, we cannot exclude that directional changes may be variable, and tissue-specific.
DYRK1A interacts with Wnt signalling components.
Given these results, we hypothesised that one or more of the Hsa21 genes that are differentially expressed in DS mediated the detected alterations in canonical Wnt signalling. The absence of Wnt signalling changes in the Dp(10)1Yey and Dp(17)1Yey mouse models suggests that Mmu10/17 regions of synteny with Hsa21 are unlikely to influence the phenotypes observed in the Tc1 , highlighting Hsa21 syntenic regions on mouse chromosomes 10, 16 and 17 (left, syntenic gene number in brackets) and trisomic regions in the Tc1 47, 48 , Dp(17)1Yey and Dp(17)1Yey (54) strains (right, duplicated gene number in brackets). (B) Pathway analysis of the Tc1 dataset. (C) Curated list of differentially expressed (DEX), Wnt-related genes for individual Tc1 mice as measured via RNAseq (RNAseq) (n = 3; 3 months; adjusted P < 0.05). Genes included were identified by Qiagen IPA as either primary Wnt signalling components (red circles) or as regulated by β-catenin (blue dotted circles). Values are expressed as log 2 fold changes. (D) IPA Upstream analysis of the Tc1 dataset, revealing several canonical Wnt components as regulators of DEX genes (left panel). Predictive activation z-scores calculated by IPA for upstream regulators with sufficient overlap (right panel) plotting scores as a function of significance (−log 10 P). (E) Immunoblot analysis of male Tc1 mouse hippocampi (n = 8, 160 ± 28 days) compared to agematched littermates demonstrated enhanced levels of DYRK1A, as expected (red), with reduced canonical Wnt signalling activity (blue). Signal represents the ratio of Ser37/Thr41 dephosphorylated β-catenin to total amounts of β-catenin. (F) Quantitative real-time PCR (qPCR) of DKK3 and AXIN2, two DEX Wnt components in the Tc1 hippocampus, demonstrating significantly elevated DKK3 expression (red), and a decreased AXIN2 levels (blue). (G) Immunoblot analysis of Tc1 hippocampal samples (n = 8) revealed unaltered levels of total and p-Ser9 GSK3β as previously described 52, 53 and enhanced DKK3 protein levels (red).
www.nature.com/scientificreports www.nature.com/scientificreports/ hippocampus. Thus, candidate Wnt modulators likely map to Mmu16. A number of Hsa21 genes may affect Wnt signalling 31, [55] [56] [57] , including amyloid precursor protein (APP) and DYRK1A, which might be particularly important given their roles in DS and AD 27, 50 . However, because of the lack of functional APP overexpression in the Tc1 mouse 48 ( Fig. 2A,B) , this gene is unlikely to primarily mediate hippocampal Wnt phenotypes in this model. Therefore, we selected DYRK1A for further study, though we do not exclude that APP and/or other Hsa21 genes may also affect Wnt signalling.
To investigate DYRK1A as a candidate Wnt signalling modulator, we assessed whether this protein was able to physically interact with components of the cascade. We first probed the entire DYRK family of genes (DYRK1A/B, DYRK2-4) for association with the Wnt pathway (Fig. S3) , employing the STRING protein interaction database, v10.0 58 . For all DYRK family members, a significant association was detected with the gene ontology (GO) and KEGG terms 'Wnt signalling pathway' . We then consulted a database of protein-protein interaction networks in DS, generated via Yeast Two-hybrid (YTH) screening. We searched the database for DYRK1A interactors with known functional relevance to Wnt signalling. In yeast, DYRK1A interacted with the Wnt inhibitor DKK3 at amino acids 589-763 (Fig. S4) , a sequence reportedly important for its nuclear localisation 59 . DYRK1A was also found to interact with Lipoprotein receptor-related protein (LRP) 1/1B/4, Wnt inhibitory factor 1 (WIF1), Wnt3 and α-catenin (Summarised in Fig. 4D ).
We then employed co-immunoprecipitation (coIP) in HEK293 cells validating the DYRK1A-DKK3 interaction (Fig. 4A-D) . We also found that DYRK1A precipitated with the key Wnt transducer disheveled-1 (DVL1), www.nature.com/scientificreports www.nature.com/scientificreports/ but not β-catenin (Fig. 4B,C) . Importantly, we consistently observed DYRK1A interactions with DVL1 and DKK3 via overexpression (Fig. 4A-C) as well as endogenously (Fig. 4D) . The latter finding suggests the physiological occurrence of these protein interactions. To contextualise them further, we employed the Cytοscape software to build a network of potentially relevant DYRK1A-Wnt interactions and pathways. We combined the most reliable DYRK1A partners from YTH, coIP and literature data (Fig. 4E , red circles) into a single network enriched via STRING (Fig. 4F) . Interestingly, we found that some of the network nodes were altered in humans DS and Tc1 mouse hippocampi, as shown in our biochemical and transcriptomic studies (Fig. 4F , blue circles). Overall these data suggest DYRK1A might be involved in Wnt signalling protein interaction networks, and may thus be able to influence Wnt function.
DYRK1A is a bimodal Wnt signalling regulator. We next determined whether DYRK1A could modulate the transcriptional activity of β-catenin in human cells. First, the effect of DYRK1A kinase inhibition on LiCl or Wnt3a-driven Wnt signalling activity was investigated in a neuroblastoma (SH-SY5Y) cell line stably expressing a Wnt signalling luciferase reporter (Fig. 5A,B) . We employed three DYRK1A inhibitors, EGCG 60 , INDY 61 and Harmine
62
, at previously published doses to achieve target-specific inhibition (25 μM EGCG/INDY, 10 μM Harmine). Overall, DYRK1A inhibition reduced active but not basal Wnt signalling following stimulation with LiCl or Wnt3a (Fig. 5A,B, blue; Fig. 5D ). As expected, no dose-dependence was observed for INDY effects on basal Wnt levels (Fig. S5) , whereas the effect of INDY on active signalling was dose-dependent (Fig. 5C , red dotted line) within a target-specific range 61 . Interestingly, Wnt-activating Lithium treatment, here influenced by DYRK1A inhibition, has been previously found to rescue cognitive defects and synaptic plasticity in the Ts65Dn mouse model of DS 63 . Next, we investigated whether canonical Wnt signalling activity could be affected by DYRK1A overexpression. Surprisingly given the inhibition data, we found basal activity was potently downregulated by DYRK1A overexpression, with a significant reduction to nearly undetectable levels (Fig. 5E, blue) . However, DYRK1A exerted a diametrically opposite effect on active signalling, in accordance with the kinase inhibitor experiments. When co-expressed with DVL1, the resulting luciferase-reported signal was enhanced approximately eight-fold compared to DVL1 alone (Fig. 5E, red) . Given the inhibitory effect on basal signalling activity, we tested whether DYRK1A overexpression could affect protein levels of GSK3β, a principal intracellular inhibitor of active β-catenin. We identified a significant increase in total GSK3β levels ( Fig. 5F , red) along with reduced phosphorylation of the inhibitory Ser 9 residue (pSer9, Fig. 5F , blue) in accordance with decreased canonical Wnt signaling activity.
In summary, increases in DYRK1A result in reduction of basal Wnt signalling activity but further increases active Wnt signalling substantially. The activation-dependence of the latter effect is supported by the kinase inhibitor data, as DYRK1A kinase inhibition reduces active Wnt signalling. In our system, however, DYRK1A kinase inhibition has no measurable effect on basal Wnt signalling activity. These data overall suggest the presence of newly identified, bimodal Wnt signalling regulation by DYRK1A.
Wnt signalling activation induces cytoplasmic redistribution of nuclear DYRK1A. Given the observed bimodal Wnt effects of DYRK1A, we hypothesised that the subcellular localisation of this kinase may be modified by Wnt activation states. A shift in distribution and availability of DYRK1A pools may account for its differential regulation of Wnt signalling activity. DYRK1A localises prominently to the nucleus but also the cytoplasm 27, 59, 64, 65 . In HeLa and HEK293 cells, overexpressed DYRK1A localisation was predominantly nuclear under basal Wnt signalling activity conditions ( Fig. 6A -F left, green). Upon Wnt signalling activation however, we observed a statistically significant redistribution of the DYRK1A signal out of the nucleus, with the kinase displaying a more diffuse cytoplasmic localisation pattern ( Fig. 6A -F right, green). Upon 24-hour DVL1 overexpression, (Fig. 6E , right, red) DVL1 displayed a distinctive vesicle-like distribution, currently ascribed to liquid-liquid phase transition 66, 67 . Remarkably, DYRK1A almost completely redistributed to the cytoplasm, showing substantial co-localisation with DVL1 ( Fig. 6E , right, yellow). This finding is in accordance with the observed DYRK1A-DVL1 protein interaction (Fig. 4B) , and might constitute the basis for enhanced Wnt signalling activity upon overexpression of DYRK1A (Fig. 5E ). We also sought to initially determine the subcellular localisation, if any, of our reported DKK3-DYRK1A interaction (Fig. 7) . When co-expressed with DKK3 in HEK239 cells, DYRK1A displayed prominent cytoplasmic distribution ( Fig. 7 top right, green), whilst DKK3 accumulated towards the cell membrane ( Fig. 7 bottom left, red). Within this site, several areas of increased signal co-localisation with DYRK1A were observed ( Fig. 7 bottom right and detail boxes, yellow). Whilst this interaction remains to be further characterised, our preliminary data suggest that DKK3 and DYRK1A might functionally interact at the cell membrane. Given the above discussed interaction with DVL1, which our findings indicate may result in Wnt signalling modulation, we suggest that DKK3 might further modulate this interaction.
Overall, these data further support the notion of a strong, bilateral functional relationship between DYRK1A and Wnt signalling, whereby DYRK1A modulates pathway activity, and the cascade itself regulates DYRK1A localisation (Fig. 8 ).
Discussion
Here, we showed for the first time dysfunction of Wnt/β-catenin signalling in human DS (Fig. 1 ). This key developmental pathway is well placed to underlie many of the wide-ranging features of DS, and particularly the neurodegeneration found in AD-DS [18] [19] [20] [21] [22] [23] [24] . Our data adds further evidence that the DS transcriptome is deregulated beyond Hsa21 genes (Figs 2 and 3 and 6,68,69 and supports recent findings of overall cell signalling defects in DS 70, 71 . We hereby propose that dysfunction of the Wnt signal transduction pathway contributes to DS phenotypes. Chronic Wnt dysregulation, due to overexpression of modulators on Hsa21, in particular DYRK1A, may effectively extend the dosage imbalance effects of one gene to a high number of secondary target genes.
www.nature.com/scientificreports www.nature.com/scientificreports/ This conclusion is supported by our combined genetic and biochemical analyses of human DS and Tc1 mouse hippocampal samples (Figs 1-3 ). Wnt signalling activity was consistently downregulated in the hippocampus of Tc1 mice and human DS individuals. In the former, downregulation of Wnt signalling was suggested by transcriptional profiles as well as reduced active β-catenin protein levels. Given the premature onset of AD dementia in human DS 50 , whereby pathology manifests as early as the third decade of life, initial Wnt investigation in the Tc1 model focused on young adult mice. Our findings thus suggest that hippocampal Wnt signalling reduction may were co-transfected with 0.25 μg/ml HA-DYRK1A, DVL1, both, or empty vector controls for 24 hrs. 0.25 μg/ml TOPflash and 0.025 μg/ml constitutively active renilla luciferase constructs were employed as reporters, with signal quantified as TOPflash/Renilla ratio. All values expressed as log 2 fold relative to empty vector transfection. Adjacent graph demonstrates same experiment employing mutant reporter construct FOPflash-luciferase. Heat map represent values for individual luciferase-expressing cultures. (F) Immunoblot demonstrating DYRK1A expression is sufficient to enhance total amounts of GSK3β protein and alter its phosphorylation status at Ser9. SH-SY5Y cells (n = 12) were transfected with 0.5 μg/ml HA-DYRK1A for 24 hrs. Total levels of GSK3β were enhanced, and phosphorylation at Ser9, as expressed by ratio to total protein, was significantly reduced.
www.nature.com/scientificreports www.nature.com/scientificreports/ represent an early pathological process, potentially underlying the premature development of AD in human DS. It would nevertheless be of interest to determine whether, in the Tc1 mouse, similar changes might also be present at a later time point, as already observed in human DS hippocampi. This should be addressed in future studies.
Indeed, current knowledge of Wnt signalling in neuronal function indicates that downregulation of the pathway is likely to contribute to neurodegenerative processes, especially during adulthood [18] [19] [20] [21] [22] [23] [24] . Further reflecting underlying abnormalities in Wnt signalling, we detected changes in DKK3 levels in Tc1 and human DS hippocampi. DKK3 is a member of the Wnt inhibitor Dickkopf family, which is involved in hippocampal development and AD 20, 72 . Consistent with our data, DKK3 is reportedly elevated in CSF and plasma of sporadic AD patients 73 . It is presently unclear why the DKK3 alterations differ between the Tc1 mouse and humans. This is possibly due to late-stage overall dysfunction of the Wnt secretory machinery in AD-DS, and further investigation is required.
We suspect, however, that Wnt signalling might not necessarily be ubiquitously downregulated in DS. The complexity of Wnt function in development, health and disease generally supports the possibility of multi-directional alterations in DS 9, 74, 75 , although this remains to be determined. By contrast, mice with duplicated Hsa21 syntenic regions on Mmu10 or 17 presented no overall effect on active β-catenin (Fig. S2) . Therefore, we assumed that the overexpression of genes located on the Hsa21 syntenic region on Mmu16 affects canonical Wnt signalling in the hippocampus. This led to our hypothesis of DYRK1A as a candidate Wnt modulator in DS, given its known functional interaction with Wnt components 28, 31, 35 and important contribution to DS and AD [37] [38] [39] [40] [41] [42] [43] [44] [45] . www.nature.com/scientificreports www.nature.com/scientificreports/ DYRK1A was able to regulate total and pSer9 GSK3β levels in SH-SY5Y cells, leading to Wnt signal inhibition under basal conditions (Fig. 5F ). This is perhaps not surprising, given the known priming relationship between the two kinases. Evidence suggests DYRK1A may employ priming phosphorylation to target substrates for further modification by GSK3β and subsequent degradation, independently of Wnt function 28, [76] [77] [78] . A similar mechanism might however allow DYRK1A to direct GSK3β phosphorylation to Wnt signalling components. The presence of several DYRK1A interactions with Wnt-associated proteins, most importantly DVL1 and DKK3 (Figs 4, S3 and 4) suggests multiple access routes for DYRK1A modulation of the Wnt pathway. It is particularly interesting that DKK3, which we found to be altered in the DS hippocampus, interacts with DYRK1A via its nuclear speckle-localising sequence 59 . This suggests potential regulation of DYRK1A localisation by DKK3, a possibility which warrants further study. The bimodal effects of DYRK1A on Wnt signalling activity support its modulatory role further ( Figs 5A-E, 7) . Overall, DYRK1A enhanced active Wnt signalling while reducing basal activity levels. Consistently with this idea, we showed subcellular re-localisation of DYRK1A from the nucleus 27, 59 to the cytoplasm upon Wnt signalling activation (Figs 6 and S6 ). This suggests that bimodal Wnt regulation by DYRK1A may be dependent upon its subcellular distribution and resulting substrate preference. Nuclear DYRK1A may thus suppress basal Wnt signalling activation by a transcriptional process 27 . By contrast cytoplasmic DYRK1A, possibly working in synergy with its interaction partner DVL1, increases active Wnt signalling further. This novel Wnt enhancing property of DYRK1A is supported by recent findings in pancreatic β-cells 79 . It is possible that these novel properties of DYRK1A may account for, or at least contribute to, the beneficial effects of Lithium treatment in the Ts65Dn DS mouse model reported by Contestabile et al. 63 . The notion of a functional Wnt-DYRK1A relationship is also supported by our preliminary identification of a physical interaction of this kinase with DKK3 (Figs 4, S3 and 4) , which might occur intracellularly at the plasma membrane (Fig. 7) . Whilst we do acknowledge that DKK Wnt antagonists are mostly known as secreted proteins 72 , evidence exists suggesting www.nature.com/scientificreports www.nature.com/scientificreports/ DKK3 might also possess intracellular functions 80 . Thus we preliminary propose that, DKK3 might further contribute to bimodal Wnt-DYRK1A modulation by interacting with the latter kinase at the cell membrane.
The consequence of this dualistic effect in DS might be a complex spatiotemporal alteration in Wnt target gene expression throughout life (Fig. 8 ). Given that the default level of DYRK1A expression is chronically elevated in this condition, Wnt signalling might be proportionally affected as a consequence, in a direction determined by local activation states. This implies that tissue types with low basal Wnt signalling levels, such as adult hippocampal neurons, may suffer from further downregulation, as observed in Tc1 mice and DS individuals. Indeed, under-activation of Wnt signalling in the adult hippocampus results in synaptic loss and neurodegeneration 20, 81, 82 and is expected to disrupt key mechanisms such as neurogenesis 83, 84 and long-term potentiation 85 . Conversely, rapidly proliferating tissues such as fibroblasts may undergo aberrant Wnt over-activation. It is well established that enhanced Wnt activity significantly correlates with development of several cancer types 9, 74, 75, 86 . Thus, Wnt dysfunction might potentially contribute to the known differential cancer susceptibility in DS, such as the enhanced risk of leukemias and reduced incidence of solid tumours 87 . High basal Wnt levels in proliferative haematopoietic cells might, for example, be exacerbated by DYRK1A overexpression, which does indeed play a role in DS-related leukemias 88 . This intriguing possibility, however, remains to be investigated.
Conclusions
Overall, the key implication of our findings is that Wnt signalling regulation by DYRK1A may be established as a novel target for therapeutic development in DS neuropathology and beyond. Such a strategy might entail a dual approach: (1) Targeting aberrant DYRK1A activity in particularly Wnt-susceptible tissue types such as the adult hippocampus. (2) Directly targeting under/over-activation of Wnt signalling and target genes, depending on tissue-specific directional changes. Both approaches are particularly attractive, chiefly because Wnt signalling (Fig. 5E , blue) along with prominent nuclear localisation of the DYRK1A protein (Fig. 6A-F , left green). (D) DYRK1A-DVL1 co-expression (ie under active Wnt signalling conditions) significantly enhances Wnt signalling activation levels (Fig. 5E, red) and leads to cytoplasmic accumulation of DYRK1A (Fig. 6E,F , right green), likely mediated by direct interaction with DVL1 (Figs 4B,D and 6E, right yellow). This DYRK1A redistribution pattern is also observed following Wnt stimulation with LiCl or Wnt3a (Fig. 6A-D, right green) . (E) Consistently, DYRK1A inhibition results in decreased levels of active Wnt signalling following LiCl or Wnt3a treatment, relative to pathway stimulation alone (Fig. 5A-D) . APC -Adenomatous polyposis coli; β-cat -β-catenin; DKK -Dickkopf-related protein; DVL -Disheveled 1; GSK-3β -Glycogen synthase kinase 3β; KRM -Kremen co-receptor; LRP5/6 -Low-density lipoprotein receptor-related protein 5/6; P -Phosphorylation; TCF/LEF -T-cell factor/lymphoid enhancer factor. (2019) 9:7322 | https://doi.org/10.1038/s41598-019-43820-4 www.nature.com/scientificreports www.nature.com/scientificreports/ and DYRK1A have been heavily investigated therapeutically. In the context of cancer, a high number of pharmaceutical agents which target Wnt signalling on multiple levels already exists 14, 89, 90 . Stimulation of neuronal Wnt signalling, on the other hand, is currently viewed as a promising strategy in AD and other neurodegenerative diseases 18, 63, 91, 92 . Similarly, employment of DYRK1A inhibitors to target cognitive deficits in DS and β-cell dysfunction in diabetes is a rapidly developing field 27, 45, 60, 62, 93, 94 . A variety of therapeutic strategies can be envisioned at multiple developmental stages. Administration of a combined Wnt-DYRK1A normalising therapy in utero might prove critical in tackling developmental abnormalities in DS. Likewise, Wnt signalling stimulation may be beneficial in later life, especially in the context of AD-DS. Thus, eventual clinical translation of our findings might open avenues for treatment strategies in DS, aimed at normalising Wnt signalling function throughout life. We hope that future research efforts will expand on our proposed model, in order to tackle this condition and improve the quality of life for those affected by it.
Methods
Study design. Sample size. Selected based on sample/tissue availability following standard procedures for each technique, in order to generate statistically significant results, see relevant sections of materials and methods.
Data inclusion/exclusion criteria. All data collected for each experiment presented were included.
Outliers. No outliers were excluded, all data are presented as box plots including minimum and maximum values.
Replicates. For all mouse and human DS immunoblotting experiments, samples were quantified in duplicate and averaged, reported n for these experiments represent averaged duplicates. For example, n = 8 Tc1 hippocampal samples indicates analysis of 16 total samples (including 8 WT controls) measured twice (total of 32 values quantified) in separate gels and averaged. For all cell-based experiments, a minimum of three independent repeats was performed, with variable sample sizes reported in the main text and legends. In this case, n represents all individual replicates added together. For further information on the above and all other analyses conducted see Supplementary Tables S4 and 5 and relevant sections of materials and methods.
Pre-specified hypotheses:
1. Wnt signalling dysregulation may be associated with gene expression and/or protein profiles of DS mouse models and humans. 2. One or more Hsa21-encoded protein may functionally regulate Wnt/β-catenin signalling, particularly:
A. Interact with Wnt components B. Affect luciferase-reported Wnt signalling activity Hypotheses suggested after initiation of the data analyses:
1. The Wnt phenotypes observed in DS models and humans are likely to be mediated by Mmu16 Hsa21 orthologs. 2. Lack of APP expression in the Tc1 mouse indicates DYRK1A as a more likely Wnt modulator in our current system, and this gene was thus tested for pre-specified hypotheses 2A,B 3. Wnt signalling activation states may affect subcellular distribution of DYRK1A,
Research subjects or units of investigation. Tc1 mouse hippocampal RNA; Tc1, Dp(17)1Yey and Dp(10)1Yey hippocampal samples, post-mortem hippocampal samples of DS patients; Hybrigenics-generated Y2H interaction database from the Inter-PP project (Jerome LeJeune Foundation); SH-SY5Y, HEK-293 and HeLa cell cultures.
Experimental design. Controlled laboratory experiments, see relevant sections of main text and materials and methods for types of measurements made.
Statistical analysis and graphs. RNAseq data was analysed by Deseq. All P values reported were adjusted for false discovery rate (FDR). All IPA-generated P values reported for pathway, upstream regulator, and disease and function analyses were produced by Fisher's exact test and thresholded at P < 0.05. STRING protein interaction networks for the DYRK family were analysed by STRING, correcting for FDR. All other statistical analyses were performed in GraphPad Prism 07a. For human and mouse biochemistry and qPCR reported P values were calculated by two-tailed Mann-Whitney U test, due to the non-Gaussian nature of the datasets. DYRK1A expression experiments and immunocytochemistry were also analysed with the same test. For all Luciferase experiments, the data were analysed by Kruskal-Wallis test with post-hoc correction for multiple comparisons by two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, due to the non-Gaussian nature of the datasets. All P values there reported represent FDR-adjusted q values. For dose-response curve experiments (Fig. 5C) , treatment groups/doses were matched by individual experimental repeat and analysed by Friedman test with the same correction as above. Linear regression was calculated on % of maximum (LiCl + DMSO) values, throughout the entire dose range of 1-100 μM. See Supplementary Tables S4 and 5 www.nature.com/scientificreports www.nature.com/scientificreports/ span represents first to third quartiles, bands represent the median of each sample group, and whiskers represent minimum/maximum values. Throughout this study, relative 'increases' were colour coded as red, and 'decreases' as blue in a combination of hues safe for all types of colour vision deficiency. See relevant sections of materials and methods for additional details on quantification and processing methods employed.
Expression constructs. pCMV5-HA-DYRK1A and pCS2-DKK3-FLAG were obtained from MRC PPU Reagents, while pCDNA3.1-FLAG-β-catenin was a gift from Eric Fearon (Addgene plasmid #16828). pRK5-FLAG-DVL1 was generated in-house as described previously 95 . M50 Super 8X TOPflash and M51 Super 8X FOPflash were gifts from Randall Moon (Addgene plasmids #12456 and #12457) 96 . pTK-Renilla (Renilla) was purchased from Promega. All plasmid were verified by DNA sequencing at MRC PPU Sequencing Services (Dundee, Scotland, UK).
Animal husbandry, welfare, and tissue sampling. Tc(Hsa21)1TybEmcf (Tc1), Dp(17Abcg1-Rrp1b)1Yey (Dp (17)1Yey), and Dp(10Prmt2-Pdxk)1Yey (Dp(10)1Yey), mice 47, 54 were bred at the Francis Crick Institute in specific pathogen free conditions, in a controlled environment and in accordance with the MRC Responsibility in the Use of Animals for Medical Research (1993) guidelines. Tc1 mice were maintained by crossing to (C57BL/6J × 129S8)F1 mice; all other strains were maintained by crossing with C57BL/6J mice. All animals were euthanised by cervical dislocation in accordance with the Animals (Scientific Procedures) Act 1986 and European Directive 2010/63/EU. For immunoblotting experiments, brains were collected from 160 ± 28 days days old male Tc1 mice and 131 ± 7 days old male Dp(17)1Yey/Dp(10)1Yey mice, washed in phosphate-buffered saline (PBS) and dissected into bilateral cortical, hippocampal and brainstem fractions. Samples were then snap-frozen in liquid nitrogen and stored at −80 °C. Prior to each experiment, all mouse hippocampal samples were homogenised via mechanical disruption, at 4 °C, in 500 μl brain lysis buffer [50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 and 1% (v/v) NP-40, 1x complete protease inhibitor cocktail (Roche), 1x Halt phosphatase inhibitor cocktail (Thermo Scientific ™ )]. Each lysate was clarified at 4 °C by centrifugation at 20,000 g and denatured via addition of 10x sample reducing agent and 4x LDS sample loading buffer (Thermo Scientific ™ ) and heating at 99 °C for 5 min. All samples were assayed for protein concentration by bicinchoninic acid (BCA) assay (Thermo Scientific ™ ).
Cell maintenance. For luciferase, coIP experiments and imaging experiments, SH-SY5Y and HEK293 cells
were grown to 10 6-7 cells/ml (counted with Muse ® count and viability kit) and maintained at 37 °C and 5% CO 2 in 10 ml Dulbecco's modified Eagle's medium (DMEM) enriched with 10% (v/v) foetal bovine serum (FBS), 100 U/ml penicillin G, 100 μg/ml streptomycin and 2 mM glutamine. For immunocytochemistry experiments, HeLa cells (ATCC) were grown in phenol red-free Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% (v/v) FBS (Corning), 2 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin at 37 °C and 5% CO 2 .
Generation of SH-SY5Y cells stably expressing the the TCF/LEF-Luciferase reporter (Stable TOPflash).
Stable TOPflash SHSY5Y cells (Fig. 5A-D) were made in a two-step process. Firstly, the TCF/ LEF-responsive promoter and luciferase reporter from M50 Super 8x TOPflash 96 was cloned into a plasmid with suitable antibiotic resistance for selection in mammalian cells. To this end, the CMV promoter was removed from pcDNA3 by restriction digestion with BglII and NotI, and a NotI-BamHI fragment from M50 Super 8X TOPflash ligated into these sites. The responsiveness of the resultant plasmid to transient transfection with DVL1 was confirmed by luciferase assay and found to be approximately ~25% that of M50 Super 8x TOPflash. Secondly, this plasmid was stably transfected into SH-SY5Y cells. The plasmid was linearised by PvuI digestion and transfected into SH-SY5Y cells, with stably transfected cells selected for resistance to G418 (800 μg/ml) following standard procedures. Twelve clonal cell lines were established and compared for basal luciferase expression and fold-induction in response to 30 mM LiCl treatment. Clone #3 was chosen for experiments performed in this study, as the cell line displaying the greatest sensitivity to Wnt pathway activation.
Transfection. Cells were treated with 3:1 FuGENE ® HD transfection Reagent (Promega) for 24 hrs to achieve transient gene expression. In all luciferase experiments, 0.25 μg/ml DNA per construct/condition were transfected. In DYRK1A expression experiments and coIPs, 0.5 μg/ml DNA per construct/condition were transferted. Cells were subsequently lysed with in 1 ml cell/brain lysis buffer [150 mM NaCl, 50 mM Tris (pH 7.5), 2 mM EDTA (pH 8), 1% (v/v) Triton X-100, 1x complete protease inhibitor cocktail and 1X Halt phosphatase inhibitor cocktail]. Lysate clearing and denaturing was achieved in the same conditions as above.
Post-mortem Human DS samples. All post-mortem human brain samples were processed in accordance with the Human Tissue Act 2004 and directives from the Human Tissue Authority (UK). The study was reviewed and approved by NHS Research Ethics committee, London-Queen Square. Samples were provided, anonymised, by the Newcastle brain bank, from 55 (±11) and 56 (±12) years old DS/AD patients and age-matched euploid controls, respectively (Fig. 1A and Table S1 ). All patients had granted full research consent. 10 mg of frozen tissue from hippocampal and cortical samples was excised in a sterile environment and immediately triturated with a plastic pestle in 100 μl brain lysis buffer. All samples were then cleared and denatured as described above, and protein concentration was measured as described.
Pharmacological treatment of cells. Wnt signalling activation was achieved by treatment with either 40 mM LiCl or 50 ng/ml Wnt3a (R&D) for 5 hrs. 40 mM NaCl and 0.1% PBS were employed as control treatments, respectively. The DYRK1A inhibitors Epigallocatechin-3-gallate EGCG (Sigma-Aldrich), INDY (Tocris) and harmine (Tocris) were prepared according to manufacturer's instructions and administered at previously
Western blotting.
Approximately 10 μg protein from all mouse, human cell line and human post-mortem samples were loaded into 10 or 20-well 4-12% (w/v) BisTris pre-cast gels (Thermo Scientific ™ ) and subsequently transferred onto polyvinylidine fluoride (PVDF) membranes (Biorad). Membranes were blocked for 1 hr in Tris-buffered saline, 0.1% Tween 20 (TBS-T) with 5% (w/v) non-fat dry milk. All primary antibodies were administered overnight in blocking buffer, at 4 °C. Following at least three washes in TBS-T, membranes were treated with HRP-conjugated secondary antibodies for 1 hr at room temperature and washed again. All primary and secondary antibodies were employed at 1:2000 dilution, except for the β-actin antibody used 1:5000 (Table S6) . Protein bands were visualised with SuperSignal West Pico/Femto Chemiluminescent HRP Substrate (Thermo Scientific ™ ). Images were acquired with a SynGene GeneGnome Imaging system with varying exposure times from 10 sec to 1 min depending on signal strength.
Luciferase assays. All luciferase assays were carried out in 6-well plates and as previously described 97 . For experiments depicted in Fig. 5A -C,E, a Dual Luciferase Reporter assay kit (Promega) was employed either in stable TOPflash cells (Fig. 5A-C) or via transient expression of 0.25 and 0.025 μg/ml of TOP/FOPFLASH and renilla luciferase constructs in unmodified SH-SY5Y, respectively (Fig. 5E) . For the latter, 0.25 μg/ml of empty vector and/or HA-DYRK1A and FLAG-DVL1 were also co-transfected as described above. Transient expression of DYRK1A was assessed against basal and DVL1-driven canonical Wnt signalling activity at 24 hours. For results in Fig. 5D , luciferase activity was measured in live cells from the TOPflash stable line, by enriching DMEM with 150 ug/mL D-luciferin (Systems Biosciences) and employing the IVIS system (Perkin-Elmer) to image plates 20 min post-treatment.
Co-immunoprecipitation. HEK293 cells were co-transfected with 0.5 μg/ml HA-DYRK1A and 0.5 μg/ml FLAG-DVL1/β-catenin-FLAG/DKK3-FLAG or relative empty controls and lysed as described above. Prior to denaturing, 40 μl of anti-FLAG M2 affinity gel (Sigma) were added to 1 ml of each lysate. Following 1 hr of rotational incubation at 4 °C, the gel was washed five times by centrifugation and resuspension in cell lysis buffer. 150 ng 3xFLAG peptide (Sigma) were used to elute the fusion proteins. Eluates were denatured as described above. Endogenous coIPs were also performed in HEK293 cells under basal conditions, employing Protein A Dynabeads ® (Thermofisher) conjugated to a DVL1 or DYRK1A antibody, following protocols supplied by the manufacturer. Each coIP was performed independently at least three times.
RNAseq. Total male Tc1 hippocampal RNA (n = 3, 3 months) was extracted using miRNeasy mini kit (Qiagen). Tissue was disrupted using a Tissue-Rupter, as per manufacturer's instructions and resuspended in DNase-and RNase-free water. Total hippocampal RNA sample quality was confirmed by Bioanalyzer (Agilent) and libraries were prepared with the TruSeq RNA v2 LS Kit (Ilumina). RNAseq was then performed employing the HiSeq system (Illumina).
RNAseq data analysis.
Due to the presence of human genes in the Tc1 mouse, a custom reference genome was assembled in order to asses expression levels of Hsa21 genes. A standard mouse genome (NCBI build 37.2) was combined with the Hsa21 sequence (NCBI build 37.2). The RNAseq data was then aligned to this custom genome employing Bowtie (v2.1.0) as part of the Tophat pipeline. Overall count data were then generated, employing the dexseq_count.py script, before combining counts for Hsa21 genes and mouse orthologs. The resulting data, also including non-Hsa21 genes, was then analysed by Deseq to generate adjusted P values.
Quantitative real-time polymerase chain reaction (qPCR). cDNA preparation. For all qPCR experiments, mRNA was sourced from male Tc1 mouse hippocampus (n = 4, 6 months). For each sample (labeled WT/Tc1 A-D), 1 μg mRNA was first cleared of genomic DNA (gDNA) via incubation in 2 μl gDNA Wipeout Buffer (2.5-10% trometamol -QIAGEN) and 12 μl RNAse-free ddH 2 0 at 42 °C for 2 min. Following, mRNA was reverse-transcribed into cDNA using a QuantiTect. Reverse Transcription Kit (QIAGEN) according to manufacturer's instructions. The resulting ~1 μg (50 ng/μl) cDNA product was stored at −20 °C for experimental use. For each sample, an identical reaction was run alongside, substituting the reverse transcriptase with RNAse-free ddH20 for usage as a negative control (−RT) to account for any non-specific amplification at the qPCR stage.
Primer and probe design. Exon sequences for AXIN2 and DKK3 were obtained from the e!Ensembl browser (http://www.ensembl.org/index.html) selecting for mouse genome. Primers and probes were designed employing Primer Express ® Software (Life Technology) set on TAQman qPCR design. Primers were specifically engineered to bridge exon-exon boundaries. Furthermore, each primer pair and probe was tested for specificity through the NCBI reverse ePCR web service (http://www.ncbi.nlm.nih.gov/projects/e-pcr/forward.cgi). FAM ™ and TAMRA ™ were employed as fluorophore and quencher, respectively. Upon delivery, primers were solubilised in ddH20 while probes were dissolved in qPCR Probe Dilution Buffer (10 mM Tris-HCl, pH 8, 1 mM EDTA) to a 100 μM stock concentration and stored at −20 °C according to manufacturer's instructions. qPCR and quantification. For experimental use, primer and probe stocks were diluted to 40 μΜ and 5 μM in ddH20 respectively. Furthermore, each 50 ng/μl cDNA preparation was diluted 1:10 following routine laboratory practice for moderately-to-highly expressed genes. β-actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were employed as control reference genes. Primers and probes for both were labeled with VIC ® (Life Technology) and quenched by MGB. All reactions were incubated in TaqMan ® Gene Expression Master Mix (2019) 9:7322 | https://doi.org/10.1038/s41598-019-43820-4 www.nature.com/scientificreports www.nature.com/scientificreports/ (AmpliTaq Gold ® 55 DNA Polymerase (Ultra Pure), Uracil-DNA glycosylase, dNTPs (with dUTP), ROXTM Passive Reference, and optimised buffer components). Each experiment was performed in a standard 96-well plate format. For all experiments performed in this study, sample WT A was selected as standard. The original 50 ng/μl cDNA preparation was diluted 1:5 and then 1:2 serially up to 1:80. All samples and controls were loaded in technical triplicate. All experiments were performed employing a 7500 Fast Real-Time PCR System (Life Technologies) controlled by homonymous software. The qPCR was ran for a standard duration of approximately 90 min. For all samples, the C T value for each replicate was normalised to the geometric mean of reference gene levels (GAPDH and β-actin). Mean ± SD/SEM were calculated, and all means were then normalised to WT A levels.
ULTImate Y2H ™ analysis. Yeast two-hybrid screening shown in Fig. 4E was performed by Hybrigenics Services, S.A.S., Paris, France (http://www.hybrigenics-services.com). The coding sequence for full length DYRK1A isoform 1 (NCBI reference (NM_001396.3) was PCR-amplified and cloned into pB27 as a C-terminal fusion to LexA (LexA-DYR1A), and into pB29 as an N-terminal fusion to LexA (DYR1A-LexA). The constructs were checked by sequencing and used as a bait to screen a random-primed Adult Brain cDNA library constructed into pP6. pB27 and pB29 derive from the original pBTM116 vector 98 , and pP6 is based on the pGADGH plasmid 99 . For the N-LexA-DYRK1A-C and the N-DYRK1A-LexA-C bait constructs, 65 million (6.5-fold the complexity of the library) and 115 million (11.5-fold the complexity of the library) clones were screened using a mating approach with YHGX13 (Y187 ade2-101::loxP-kanMX-loxP, matα) and L40ΔGal4 (mat a) yeast strains as previously described 100 . 269 and 253 His+ colonies, respectively, were selected on a medium lacking tryptophan, leucine and histidine and 2 mM 3-AT for N-LexA-DYRK1A-C and 5 mM 3-AT for N-DYRK1A-LexA-C to maintain a strong selectivity and manage the slight autoactivation. The prey fragments of the positive clones were amplified by PCR and sequenced at their 5′ and 3′ junctions. The resulting sequences were used to identify the corresponding interacting proteins in the GenBank database (NCBI) using a fully automated procedure.
PBS scoring.
A confidence score (PBS, for Predicted Biological Score) was attributed to each interaction. The PBS relies on two different levels of analysis. Firstly, a local score takes into account the redundancy and independency of prey fragments, as well as the distribution of reading frames and stop codons in overlapping fragments. Secondly, a global score takes into account the interactions found in all the screens performed at Hybrigenics using the same library. This global score represents the probability of an interaction being nonspecific. For practical use, the scores were divided into four categories, from A (highest confidence) to D (lowest confidence). A fifth category (E) specifically flags interactions involving highly connected prey domains previously found several times in screens performed on libraries derived from the same organism. Finally, several of these highly connected domains have been confirmed as false-positives of the technique and are now tagged as F. The PBS scores have been shown to positively correlate with the biological significance of interactions 101 .
Immunocytochemistry sample preparation. HeLa cells, cells were seeded at ~60% confluency into No. 1.5 imaging chambers (Lab-Tek) coated with 400-600 μg/ml Matrigel (Corning) and transfected immediately using Lipofectamine 3000 (Thermo Fisher Scientific) according to the manufacturer's specifications. HA-DYRK1A was transfected at 0.25 μg/ml, or else co-transfected with FLAG-DVL1 or FLAG-DKK3 at the same concentration. Wnt3a and LiCl treatment including the appropriate controls were conducted as detailed above 5 hours prior to fixation. After 18 hours cells were fixed with 4% (w/v) paraformaldehyde (PFA) for 20 min at room temperature (RT). Samples were then permeabilised with 0.2% (w/v) saponin (Sigma-Aldrich) for 30 min, and blocked in 5% (v/v) donkey serum (Sigma-Aldrich) doped with 0.05% (w/v) saponin for 1 hour at RT. FLAG and HA primary antibodies (Sigma-Aldrich) were diluted in block to 1:100, added to cells, and incubated overnight at 4 °C. Secondary anti-mouse and anti-rabbit antibodies conjugated to Alexa 488 and Alexa 594 (1:1000; Life Technologies) were made in block and incubated with samples for 30 min at RT. A 1:5000 Hoescht 33258 and 1:1000 Phalloidin 647 (both ThermoFisher Scientific) dilution in PBS was incubated for 30 mins at RT to label the nucleus and F-actin respectively. Cells were thoroughly washed and Imaging was performed in fresh PBS, HEK293 cells were seeded at ~60% confluency onto glass coverslips previously coated with 0.1 mg/ml poly-D lysine and grown into 6-well plates. Transfection was performed as above but employing 3:1 fuGene HD (Promega) as transfection reagent. Treatment was also performed as above. After 18 hours cells were fixed with 4% (w/v) paraformaldehyde (PFA) for 20 min at RT. Samples were then permeabilised for 30 min in 0.5% (w/v) Triton-X 100, and blocked in 5% (w/v) FBS with 0.05% (w/v) Triton-X 100. The DYRK1A (Abcam) rabbit polyclonal primary antibody was incubated as above at 1:500 dilution. Secondary anti-rabbit Alexa 488 was incubated as above. A 1:1000 DAPI (ThermoFisher Scientific) dilution in block buffer was incubated for 30 mins at RT to label the nucleus.
Airyscan and confocal imaging. Airyscan imaging was performed using a Zeiss 880 outfitted with an Airyscan module. Data was collected using a 63 × 1.4 NA objective and immersion oil optimised for 30 °C (Carl Zeiss). Colors were collected sequentially by frame to minimise crosstalk, and Airyscan processing was performed using the Airyscan module in the commercial ZEN software package (Carl Zeiss). Confocal imaging was performed using a Zeiss 710, also using a 63 × 1.4 NA objective and immersion oil.
Confocal imaging quantification.
Confocal data collected from the Zeiss 710 was used to quantify the nuclear to cytoplasmic ratio of HA-DYRK1A under Wnt stimulation and control conditions. Bitplane (IMARIS) was used to create masks to the nucleus and entire cellular volume. Alexa 488 conjugated HA-DYRK1A fluorescence intensity was integrated across both masks. The nuclear signal was subsequently subtracted from the signal of the www.nature.com/scientificreports www.nature.com/scientificreports/ entire cellular volume, providing cytoplasmic HA-DYRK1A fluorescence. Data is displayed as a ratio of nuclear to cytoplasmic fluorescence intensity.
Western blot and luciferase quantification. Protein bands were quantified from non-processed, raw image files only, directly at the acquisition stage (Syngene GeneGnome system). Automatic background correction was applied to all values before normalising each protein of interest to its relevant β-actin loading control. For phospho/de-phosphoproteins analysed (active β catenin, pS9 GSK3β) values were normalised to total amounts of the relative protein, which were also normalised to β-actin. Values were further normalised to the mean of the control condition (WT for mice, euploid for humans, and empty vector control for cells) for each individual experimental repeat. For all luciferase experiments, TOP/FOPFLASH values quantified alone (Fig. 5A-D) or as a ratio to renilla luciferase activity (Fig. 5E) were normalised to the average control condition in each repeat. Data were then log 2 -transformed prior to analysis. This step was undertaken to more appropriately visualise lucid erase data, due to large fold changes in some cases. In Fig. 5C , the mean normalised signal of treated cells with LiCl +0.1% DMSO was assumed as maximum response, and all other values expressed as percentages of the former. For IVIS experiments (Fig. 5D) , preset circular regions of interest (ROIs) were applied to each well, and background was automatically corrected for by subtracting from an average background ROI. These data were then analysed directly without log 2 -transformation, to more appropriately reflect depicted light emission quantified by IVIS. For all sample groups, mean, SD and SEM were calculated.
Image processing. In all western blots, no image processing was performed, presenting the blot results in raw format. Raw.sgd files were converted to.tiff and colour-inverted to display background as white/grey. Figures 1, 3 , 4 and 5 display horizontally cropped sections of representative blots, and black lines indicate where the image was occasionally cropped vertically (see Fig. S1 for all original, non-cropped blots detailing areas displayed in figures and related loading controls). All co-IP gels in Fig. 4A -D are presented from 1 representative repeat. For IVIS luciferase experiments (Fig. 5D ), minimum and maximum display levels were automatically set by the system according to measured signal, independent of quantification.
Ingenuity pathway analysis. The Qiagen Ingenuity ® Pathway Analysis (IPA ® ) tool was employed to probe mouse and human RNAseq datasets for alterations in primary Wnt components and upstream regulators. For Fig. 3B -D, Tc1 RNAseq analysis was performed on a dataset of significantly altered genes at adjusted P < 0.05. In all cases, IPA analysis parameters were left at default, searching only for direct relationships and for human, mouse and rat orthologs. For each dataset, pathway, upstream regulator and diseases/functions analysis were performed. Curated gene lists were produced by manually selecting all affected genes in the dataset indicated as primary Wnt components, or under regulation of β-catenin/Wnt3a. Curated lists of upstream regulators were generated by searching for Wnt-related proteins contained in the analysis output. Z-scores and molecular activity predictions (MAPs) were generated automatically by IPA.
STRING and cytoscape network analysis. The protein interaction database and analysis tool STRING v10.0 58 was employed to build the networks in Fig. 4E ,F. To achieve this goal, DYRK1A was placed as the hub of a basic network (Fig. 4E , red circles) comprising: (1) The Hybrigenics-reported DKK3 interaction; (2) Previously published interactions (solid black lines) between DYRK1A, p-120 catenin (CTNND1) 31 , and GSK3β 35 ; (C) Experimentally detected DKK3 and DVL1 interactions (dotted black lines). Components of the basic network in Fig. 4E were used as starting nodes, selecting human as default organism. This initial network, or first shell, was enriched with the 10 best-scoring interactors. A further shell was then added, comprising the 10 best-scoring secondary interactors of the network. The network diameter, or distance between each node, was limited to 3, meaning that each node is no more than one degree of interaction away from any other. This was done to better reveal a highly interconnected network. The resultant network (Fig. 4F) has 140 edges and 25 nodes. The network was then imported into the Cytoscape network analysis tool and its visual properties were modified to distinguish amongst node types and visually aid description of the results. The network was displayed employing a spring-embedded layout, manually adjusted to reflect the known structure of canonical Wnt signalling.
Ethics approval and consent to participate. The use of animals was conducted in line with the ethical principles of Replacement, Reduction and Refinement (3Rs). All animal studies were approved by the University College London Animal Welfare and Ethical Review Body (AWERB) and licensed by the home office.
Data Availability
All raw data are available on request.
